A new method for quantifying specific amino acids in small volumes of plasma and whole blood has been developed. Based on isotope-dilution tandem mass spectrometry, the method takes only a few minutes to perform and requires minimal sample preparation. The accurate assay of both phenylalanine and tyrosine in dried blood spots used for neonatal screening for phenylketonuria in North Carolina successfully differentiated infants who had been classified as normal, affected, and falsely positiveby current fluorometric methods. Because the mass-spectrometric method also recognizes other aminoacidemias simultaneously and is capable of automation, it represents a useful development toward a broad-spectrum neonatal screening method. 
Materials and Methods

Materials
Solvents were high-purity grade (Burdick and Jackson, Muskegon, MI 
McKusick 276700).
The first 206 samples from a pilot study involving the analysis of fresh neonatal samples from North Carolina by MSIMS were also included as a set of normal controls.
Preparation of Samples
Dried blood spots on filter paper were prepared by punching out a 6.35-mm (0.25-in.)-diameter circle into a 1-niL vial with a standard paper punch. This corresponds to --11 L of whole blood (9 we accurately pipetted 12 L of the fortified blood samples onto the paper and used the entire spots for the analysis.
Mass Spectrometry
We used a VG Quattro triple-quadrupele tandem mass spectrometer with a Lab-base data system (Fisons Instruments, Danvers, MA). This computer-controlled instrument incorporates a cesium ion gun operated at 10 keV, a conventional LSIMS insertion probe, and two off-axis detectors.
One detector was placed in an intermediate position after the first quadrupele (Q1) but before the collision region (also the second quadrupole, Q2);the other was positioned after the third quadrupole (Q3).Tuning was optimized by using a solution containing one of the analytical standards, 2 mmol/L, derivatized as the butyl ester and dissolved in the LSIMS matrix. The settings for the ion source were optimized first, to achieve maximum intensity of the EM + H] ion at the intermediate detector, with unit mass resolution in the first quadrupole.
During the monitoring of the protonated molecular ion at the final detector, argon was introduced into the intermediate collision cell until the intensity of the signal decreased by 50%. At this point, the daughter ion corresponding to EM + H -1021 was brought into focus and the collision energy was optimized to provide maximum sensitivity. The optimum value for all the amino acids studied was about 30 eV. The second analyzer (Q3) was also set to unit mass resolution and all lens voltages in the instrument were optimized systematically to provide maximum intensity at unit mass resolution for the daughter ion. These tuning settings were saved and recalled automatically by the computer when this type of analysis was to be performed. In general, the resolution settings and lens voltages were not altered unless maintenance in the analyzer region of the instrument was required. Source tuning and collision gas pressure were optimized when necessary, usually once daily, with use of a tuning solution containing the isotopically labeled standards for Phe and Tyr at 2 mmol/L each. Samples were analyzed with the static LSIMS probe without further tuning of the instrument.
A blank solution containing only internal standards was analyzed occasionally to ensure the absence of carryover between samples.
All MSIMS spectra (product and neutral loss scans) were acquired in the continuum mode, in which every data point was stored. Sixty consecutive scans of 1 a each were accumulated into a single raw spectrum, which was then automatically processed by five-point smoothing, baseline subtraction, and centroid calculation to produce the final stored mass spectrum. The result of this was a mass spectrum with much better signal-to-noise ratio and reproducibility of ion ratios than the average of 60 mass spectra recorded with use of the standard real-time centroid calculation algorithm. To produce the scan for "neutral loss 
Results
Analysis for Amino Acids by MS/MS As reported previously (8) , the butyl ester derivatives provided excellent sensitivity and specificity for the detection of amino acids in blood or plasma by MS/MS. carbonium ion, which is apparently specific to a-amino acids. The loss of 102 Da was not observed with either fatty acid or acylcarnitine butyl esters (data not shown). Other minor fragments were also observed in the product ion spectra, including a common ion at m/z 57 derived from the butyl group (Figure 1) .
A neutral-loss
scan of 102 Da in the MS/MS mode, whereby both mass analyzers are scanned simultaneously with a constant mass difference of 102 Da, generated a spectrum showing the molecular ions of the amino acids (as their butyl esters) present in a mixture (8) . The sensitivity for each amino acid varied widely, and some signals were composites of more than one amino acid that either shared the same molecular mass (such as leucine, isoleucine, and hydroxyproline) or a common fragment ion (such as glutamine and lysine).
The aromatic amino acids, Phe and Tyr, have unique molecular masses and were detected with good sensitivity and selectivity in blood at physiologically normal ranges of concentration. Figure   3A , which shows the amino acid profile by MS/MS from a typical sample of normal human plasma. Signals for several amino acids were clearly discernible. Signals corresponding to the isotope-labeled internal standards,
This is clearly illustrated in
[2H3]Leu, E2H5JPhe, and E2HJI'yr, were detected at m/z 191, 227, and 242, respectively. The spectrum was essentially free of interfering signals derived from other endogenous compounds in plasma.
The profile in Figure  3B was from the methanol extract of a 12 Phe and Tyr (Table 1 ). In principle, MS/MS greatly reduces the chance of chemical interference because of its high molecular specificity, which greatly exceeds that of conventional ultraviolet absorbance detectors. This is exemplified by the lack of interfering signals in the mass spectral profiles not derived from amino acids (Figure 3, A and B) .
Precision Figure 4A -C. For comparison, the profile of a patient with tyrosinemia caused by tyrosine transaminase deficiency is presented in Figure 4D . For each profile, both Phe and Tyr were readily quantified from the ion abundances and the standard curves. Results are summarized in Table 1 For the true PKU positives, the abovenormal Phe values measured by the State Laboratory with a fluorometric assay were in good agreement with those determined by isotope-dilution MS, whereas the fluorometric Phe values for the false positives (control group 2) were more than twice as high as those measured by mass spectrometry ( Table 1 ). The Phe/Tyr ratio was calculated for each sample (Table 1 ). For control group 1, the mean ± SD Phe/Tyr ratio was 0.71 ± 0.22 (range 0.2-1.4, n = 55)-very similar to that obtained from the analysis of the 206 fresh control samples previously described. For all cases of PKU, the mean ratio was 7.8 ± 6.5 (range 2.6-22, n = 8); for the false positives in control group 2, it was 1.1 ± 0.67 (range 0.4-2.0, n = 5).
Amino acids were also analyzed from the original PKU cards that corresponded to two cases of tyrosinemia, retrieved from the State Screening 
